Abstract. The Eyjafjallajökull eruption, which occurred during May 2010, is used as a case study to evaluate the consistency of the detection and characterization of volcanic ash plumes from different thermal infrared instruments. In this study, the well-known split window technique is used to retrieve the optical thickness and the effective particle size, and to estimate the mass concentration of volcanic particles from brightness temperatures measured in the infrared atmospheric window (8-12 µm). Retrievals are obtained for several mineral compositions whose optical properties are computed using Mie theory accounting for spectral variations of the refractive index. The impacts of errors in atmospheric parameters on the a posteriori uncertainties have been analysed. This analysis confirmed that major sources of errors are the layer altitude, the particle composition and, most of all, the size distribution for which uncertainties in retrievals can reach 50 % in mass loading estimates. This retrieval algorithm is then applied to measurements acquired near-simultaneously from MODIS, SEVIRI and IASI spaceborne instruments, using two channels around 11 µm and 12 µm. The retrievals are in close agreement when taking into account the different spatial and spectral configurations, and deviations between retrievals remain less than the uncertainties due to errors in atmospheric parameters. This analysis demonstrates the robustness of the retrieval method and the consistency of observations from these instruments for volcanic ash plume monitoring.
Introduction
Volcanoes are important sources of aerosol particles and gas phase precursors of secondary air pollutants that can have significant effects on solar and infrared atmospheric radiation, with consequences for atmospheric radiative forcing and climate (Le Treut et al., 2007) . In addition, large plumes of ash emitted into the atmosphere can have impacts on aviation security and air traffic (Prata and Tupper, 2009; International Civil Aviation Organization (ICAO), 2001; Alexander, 2013) . In this context, satellite instruments provide efficient tools for spatio-temporal monitoring of ash plumes. Together, with in situ measurements and numerical simulations, this allows mitigation of aviation hazards. For instance, the explosive eruption of the Eyjafjallajökull volcano in Iceland during April-May 2010 has shown the importance of combining measurements and models to derive physical characteristics of volcanic aerosols and to study the plume spatial structure and dispersion (Zehner, 2010; Millington et al., 2012; Webley et al., 2012) .
Many methodologies have been proposed for plume observations and characterization from active remote sensing technology or using passive sensors from space (for a complete list, see for instance Thomas and Watson, 2010; Zehner, 2010) . From the latter, the analysis of spectral information gives access to optical and physical properties of volcanic ash plumes from which parameters relevant to flight safety can be derived (e.g. the mass concentration of particles). The split window technique has been used extensively to characterize atmospheric particles using channels in the infrared atmospheric window (8-13 µm) centred approximately at 11 µm and 12 µm. It is based on the spectral variation of the
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extinction efficiency of ash particles in the infrared spectral range. This method is currently employed for remote sensing of semitransparent clouds (Inoue, 1985 (Inoue, , 1987 Parol et al., 1991; Dubuisson et al., 2008; Cooper and Garett, 2010) , and is also used intensively for characterization of volcanic particles (Prata, 1989a, b; Wen and Rose, 1994; Schneider et al., 1995) . This approach has been applied to polar satellite sensors such as the Advanced Very High Resolution Radiometer (AVHRR) or the Along Track Scanning Radiometer (ATSR) (Prata, 1989a; Wen and Rose, 1994; Prata and Grant, 2001) , the Moderate Resolution Imaging Spectroradiometer (MODIS) (Hillger and Clark, 2002; Watson et al., 2004; Tupper at al., 2004; Corradini et al., 2011) , as well as to sensors on-board geostationary platforms such as the Geostationary Operational Environmental Satellite (GOES) (Yu et al., 2002) or the Spin Enhanced Visible and Infrared Imager (SEVIRI) data (Prata and Kerkmann, 2007; Corradini et al., 2008; Francis et al., 2012; Prata and Prata, 2012) . The capabilities and limitations of the split window technique have been discussed in Wen and Rose (1994) , and Pavolonis et al. (2006) .
In this paper, an analysis of the results obtained by applying the same retrieval algorithm to a volcanic plume is presented using observations from MODIS, SEVIRI and IASI space-borne instruments. We focus this study on the eruption of the Eyjafjallajökull volcano on 6 May 2010 because it was observed near-simultaneously by these space infrared sensors. The retrieval method is based on the split window technique and accurate radiative transfer calculations (Dubuisson et al., 2005 (Dubuisson et al., , 2008 . The goal of this study is not to present a new operational algorithm, but to study the consistency of retrievals using the same algorithm from different infrared instruments and to analyse the uncertainties and limitations of these retrievals. As far as we know, there is no previous similar inter-comparison. This paper is organized as follows: MODIS, SEVIRI and IASI instruments are briefly described in Sect. 2. The retrieval algorithm is presented in Sect. 3. Retrievals of optical thickness, particle effective radius, and mass loading estimation of the plume from two infrared channels are presented and analysed in Sect. 4, using SEVIRI observations. In Sect. 5, the retrieval algorithm is applied in the same way for the three considered infrared sensors to assess the consistency of measurements; spatial distributions as well as mean values of retrieved parameters are compared. The retrieval algorithm sensitivity to errors in atmospheric parameters, such as the particle type, plume altitude or particle size distribution, is also presented. Finally, the inter-comparison results are discussed in terms of the a posteriori retrieved parameter uncertainties.
Description of the instruments
Many space-borne broadband sensors (such as MODIS, SE-VIRI, IIR or AVHRR) with spectral channels in the infrared window are available to monitor volcanic plumes. These sensors are generally designed to collect aerosol properties on a global scale. More recently, hyperspectral sensors such as IASI (Schlüssel et al., 2005; Clerbaux et al., 2009) or GOSAT (Kuze et al., 2009) , which are dedicated to gas species measurements, have been used to provide useful aerosol information (Clarisse et al., 2010a; Herbin et al., 2013) . In our study, three instruments have been considered: -SEVIRI on-board the geostationary Meteosat Second Generation (MSG) satellite (Schmetz et al., 2002) . Among the available channels, three are centred in the infrared window at 8.7, 10.8 and 12 µm. Data are collected every 15 min for the whole 70 degree disk, with a spatial resolution ranging from 3 × 3 km 2 at the subsatellite to about 10 × 10 km 2 near the edges of the scan. Note that the area study considered in this paper is near the limit of coverage for SEVIRI. However, Prata and Prata (2012) emphasise the advantage of viewing a volcanic plume from an acute angle using SEVIRI data, in particular in the case of high latitudes. Indeed, even in the case of small ash concentrations, retrievals are possible because of the longer optical path in the ash cloud, leading to larger brightness temperature differences.
-MODIS (Moderate Resolution Imaging Spectroradiometer) on-board the two polar orbiting satellites AQUA and TERRA. This instrument acquires data in 36 channels with three channels in the infrared window (8.6, 11 and 12 µm) at 1×1 km 2 spatial resolution, with a viewing swath width of 2330 km and is designed to retrieve aerosol properties (Remer et al., 2005) .
-IASI (Infrared Atmospheric Sounding Interferometer). IASI is a payload element of the polar-orbiting MetOp satellites using a Fourier Transform Spectrometer operating in the 3.7-15.5 µm spectral range, with an apodized spectral resolution of 0.5 cm −1 and, consequently, includes the infrared window. This instrument analyses an atmospheric cell of about 50 × 50 km 2 and the effective field of view (EFOV) consists of a 2 × 2 matrix of so-called instantaneous fields of view (IFOV), with a circular IFOV of 3.33 • which corresponds to a ground resolution of 12 km at nadir (Clerbaux et al., 2009 Sourdeval et al., 2012) . Indeed, IIR performs nearsimultaneous measurements with MODIS/Aqua with the same spatial resolution. However, because the IIR instrument has a very narrow measurement swath, spatio-temporal collocations between IIR observations and volcanic plume are not frequent. Consequently, only a very few pixels are available for comparisons and the IIR instrument has not been considered in this study.
Retrieval methodology
As mentioned in the introduction, the use of two channels in the thermal infrared allows us to characterize volcanic plumes as well as discriminate cloud contamination and has been applied extensively to satellite measurements. Figure 1 shows the brightness temperature differences (BTD) observed for the Eyjafjallajökull eruption on 6 May 2010, using MODIS infrared channels at 11 µm and 12 µm, and illustrates the different spectral behaviour from cloud and volcanic particles. A plume characterization is then available using BTDs from the split window technique. A simple algorithm has then been developed to retrieve optical and physical properties of volcanic plumes using BTDs from infrared satellite measurements. This algorithm is based on accurate radiative transfer calculations using realistic spectral variations of the refractive indices, for several volcanic particle types. As specified previously, the aim of this study is not to present a new operational retrieval algorithm, but to analyse the observations' consistency from different infrared instruments (MODIS, SEVIRI and IASI) using the same retrieval algorithm. The radiative transfer modelling and the retrieval methods used are described briefly hereafter.
Radiative transfer modelling
Brightness temperatures (BT) are simulated using the FAS-DOM radiative transfer code (Dubuisson et al., 2005) . This code was originally developed for the IIR/CALIPSO (Garnier et al., 2012) radiometer and has been adapted to MODIS and SEVIRI sensors (Doutriaux-Boucher and Dubuisson, 2009; Borde et al., 2010) . Infrared radiances are calculated by solving the radiative transfer equation for a vertically inhomogeneous plane-parallel atmosphere using the DISORT radiative transfer code developed by Stamnes et al. (1988) . Gaseous line absorption (mainly H 2 O, CO 2 , O 3 , CH 4 and N 2 O) and absorption continua for H 2 O and CO 2 are considered on the basis of the correlated k distribution method (Lacis and Oinas, 1991; Kratz, 1995) . This approach allows us to account for interactions between gaseous absorption and multiple scattering processes in the presence of cloud and/or aerosol layers, considered as plane parallel and homogeneous media. Conversion tables of brightness temperature to radiance, as well as gaseous absorption, have been calculated using the spectral response functions of the sensors. Note that in the case of IASI, radiative transfer calculations have been performed with the same code, but following two different approaches: (1) by selecting three channels without gaseous line absorption around 8.7, 11 and 12 µm or (2) by integrating the IASI spectrum over the SEVIRI and MODIS spectral responses. Figure 2 presents a brightness temperature spectrum from IASI measured on 6 May 2010, in the volcanic plume presented in Fig. 1 . This IASI spectrum illustrates the so-called "V-shape" feature of the BT in the 800-1200 cm −1 spectral range. The spectral position of IASI monochromatic channels used in this study is reported in Fig. 2 , as well as brightness temperatures obtained after integrating the IASI spectrum over MODIS spectral responses. Figure 2 shows close BT using these two approaches. Although it is easier to simulate brightness temperature from a single IASI channel without gaseous absorption line, integrating brightness temperatures over MODIS or SEVIRI channels has been also considered in this study to perform comparisons in similar conditions. FASDOM requires the atmospheric profile (pressure, temperature and absorbers) as well as single scattering properties of particles as a priori parameters. Optical properties of liquid clouds and aerosols are calculated from the Mie theory assuming spherical particles. This assumption is reasonable in the thermal infrared spectrum (Mehta et al., 2009 ) in contrast to the solar spectrum for which the particle shape has a non-negligible influence on the top of atmosphere radiances. Several models (i.e. spectral refractive index and size distribution) are considered for volcanic particles and summarized in Table 1 . From these data, single scattering properties of particles (extinction coefficient, single scattering albedo and asymmetry factor) are computed assuming a monomodal lognormal formulation for the particle size distribution: 
where N 0 is the total number density, r is the particle radius (µm), r 0 is the geometric mean radius (µm) and σ is the geometric standard deviation of the particle size distribution. Note that the standard deviation σ = 2 is used by default in this study, because this value is within the range of particles typically measured (Hess et al., 1998; Dubovik et al., 2002) . From this formulation, the effective radius r e (µm) can be defined as:
The ash optical thickness is then defined from the extinction efficiency Q ext (λ, r) as:
where L is the thickness of the ash layer. The split window technique is based on the spectral variation of the particle extinction that can be measured by comparing two thermal infrared channels. To get good accuracy, the single scattering optical properties have been calculated at a high spectral resolution (1 cm −1 ) and then convoluted with the spectral response of each channel. Practically, lookup tables (LUTs) of these integrated properties have been built for each spectral channel and for each particle type, with geometric mean radius varying from 0.25 to 20 µm with a grid step of 0.25 µm.
Retrieval algorithm description
The retrieval algorithm has been developed following the scheme proposed by Dubuisson et al. (2008) . This algorithm was originally developed for cirrus clouds and has been adapted to retrieve properties of volcanic plumes. It can be described in three main stages: IASI brightness temperature spectrum measured on 6 May 2010, in the volcanic plume during the eruption of Eyjafjallajökull (black solid line). Spectral position of IASI channels at 902.50 cm −1 (11 µm -green colour) and 832.00 cm −1 (12 µm -red colour) used in this study to retrieve plume properties are reported on the spectrum (big dots). This compares with mean brightness temperatures obtained after integrating the IASI spectrum over MODIS spectral responses (horizontal bars). The width of horizontal bars represents the spectral width of MODIS channels.
-As illustrated in Fig. 1 , a pixel can be classified as volcanic aerosol using a detection threshold, based on the brightness temperatures for the three channels at 8.7 µm, 11 µm and 12 µm (see Francis et al., 2012) . In this study, ash detection flags have been defined for each instrument from comparisons with the RGB images for the plume on 6 May. As an example, for MODIS data, a pixel is identified as volcanic ash if (BT 11µm − BT 12µm < −0.4 K) and if (BT 8.7µm − BT 12µm > −4 K and BT 11µm − BT 12µm < −1 K). These ash detection flags depend on the spectral characteristics and on viewing geometries of sensors and should be better defined for operational applications. This threshold allows us to discriminate efficiently volcanic plumes from clouds; however, some pixels in the plumes with large particle radius or composed of a mixture of aerosol and cloud particles can be rejected.
-A set of brightness temperatures is pre-calculated with the FASDOM code, for channels at 11 µm and 12 µm, to cover a realistic range of effective particle radius r e from 0.5 to 20 µm and aerosol optical thickness τ a at 12 µm from 0 to 10. This set is calculated using the LUTs of single scattering properties presented in the previous section and the atmospheric profile obtained from the RAMS model (see below for details) for the considered pixel. In addition, the altitude and the temperature of the ash cloud can be estimated from the RAMS model or CALIOP data, when available. For a given pixel, a solution is sought separately for every particle type presented in Table 1 .
Finally, for each selected pixel, the retrieved parameters are the ash optical thickness at 12 µm, τ a , and the effective radius of particles, r e . In addition, mass loading, M (g m −2 ), which is an important parameter for aviation security, can be easily evaluated from the retrieved effective size and optical thickness as:
with ρ (kg m −3 ) the density of ash particles and k e (m) the extinction coefficient. Note that the presence of thin clouds can have an important impact on retrievals and must be considered in operational algorithms (Prata and Prata, 2012) . However, clouds have not been considered in this study because available measurements from CALIOP have not shown cirrus above the ash layer on 6 May, and most cloudy pixels have been rejected from the detection flag defined above. Furthermore, we use results from simulations using the RAMS (Regional Atmospheric Modeling System, Pielke et al., 1992; Cotton et al., 2003) 3-D meso-scale model to obtain required data used as atmospheric parameters for the FAS-DOM code, such as the atmospheric profiles (pressure, temperature and water vapour profiles) and the state of the volcanic plume (altitude, thickness). Based on meteorological equations and on a simple tracer emission law, RAMS provides the spatial and temporal evolution of mass loading, its vertical distribution and its transport altitude (Minvielle et al., 2004a, b) . Meteorological parameters of this model are initialized and nudged with ECMWF reanalysed (0.5 · 0.5 deg.) data (Uppala et al., 2005) . The configuration of simulations consists of one grid (10 · 10 km as spatial resolution) for the studied area, with a vertical discretization of the atmosphere on 50 levels, including 20 levels below 10 km. Note that this vertical discretization is identical to that used for the radiative transfer calculations. Simulations with RAMS are made during a period of several days to get the spin-up. The principal event simulated corresponds to the interesting case holding for different satellite observations on 6 May, when the volcano source emitted ash over several levels reaching 5 km, as observed by Arason et al. (2011) . Figure 3 presents the spatial distribution of the mass loading (vertically integrated) of ash plume. Similarly to the one observed in Fig. 1 , the simulated plume resembles the shape of a comma due to the NE wind direction over Atlantic Ocean, not so far from the volcanic source. Simulations of spatial distribution are in agreement with observations, although the simulated plume shape appears broader than the observed one (see Sect. 5). Note that the RAMS model is used here, only to provide atmospheric parameters for FASDOM. This spatial evolution and accurate forecasts of ash plume would be improved using an approach combining satellite observations and the regional transport model, as proposed by Boichu et al. (2013) .
Volcanic plume observation
The algorithm presented in the previous section has been applied to the volcanic plume during the Eyjafjallajökull eruption on 6 May 2010 at 19:00 UTC, using BTD of SEVIRI channels at 11 µm and 12 µm. This case study allows us to compare our retrievals with those obtained by Francis et al. (2012) in similar conditions. The optical thickness and mean effective radius retrievals are obtained assuming a lognormal formulation for a monomodal size distribution, and mass loading is then estimated from Eq. (3). Optical and physical properties are derived assuming a plume altitude of 6 km following the radar observations at 5.5-6.5 km (Icelandic Meteorological Office, IMO), even though it reached above 9 km, according to Hjaltadóttir et al. (2010) .
The retrievals of the optical thickness τ a at 12 µm, of the particle effective radius r e (µm), and estimates of the mass loading M (g m −2 ) are presented in Fig. 4 . As mentioned in Sect. 3.2, the retrieval algorithm is applied to a given pixel for each particle type reported in Table 1 and several solutions are then possible for r e and M. Results presented in Fig. 4 are the mean values of these parameters and they are close to those obtained by Francis et al. (2012) for the same scene, but using only Andesite refractive index data (Pollack et al., 1973) . In our study, mass loading and effective radius of particles are generally of the order of 1-4 g m −2 and 2-5 µm, respectively; higher values are observed near the source and can reach 10 g m −2 and 8 µm, respectively. The mean effective particle radius in Fig. 4 is r e = 4.5 µm ± 0.8 µm. The r e uncertainty is defined as the average of mean deviations obtained for each pixel due to multiple solutions. This uncertainty shows a large dispersion in retrieved effective radius by applying the algorithm with several particle types and confirms that retrievals are strongly dependent on the choice of ash refractive index data (Wen and Rose, 1994; Francis et al., 2012) . The maximum mass loading (10 g m −2 ) is slightly higher than those retrieved by Francis et al. (2012) of about 8 g m −2 . The methodology and particle types used in this study can explain this difference. Indeed, the retrieval algorithm employed by Francis et al. (2012) is based on a onedimensional variational analysis, using SEVIRI data and Andesite refractive indices, with retrievals of the layer altitude, the mass loading and the size distribution effective radius, assuming that all other parameters of the ash plume are known. The altitude of the plume is then simultaneously retrieved with other physical parameters and not fixed as in our algorithm. The altitude retrieved by Francis et al. (2012) ranges from 3 to 12 km, with most pixels between 5 and 10 km. These results allow us to have confidence in plume parameters retrieved from our algorithm.
Additional simulations (not presented here) were then performed to test the potential of the channel at 8.7 µm to better constrain retrievals. Note that the spectral range around 8.7 µm can be affected by the ν 1 absorption band of SO 2 , which may appear in high concentration during volcanic eruptions. However, low levels of SO 2 were generally observed during the Eyjafjallajökull eruptions. These simulations have shown that retrievals are also possible using the channel at 8.7 µm. Nevertheless, the use of a third channel (8.7 µm) does not allow us to constrain enough the particle type among the solutions retrieved with our algorithm. It is mainly due to the spectral characteristics of usual wide field-of-view sensors, with too large spectral bands to discriminate the particle type. In addition, analysis has revealed the complex composition of the volcanic plume. Indeed, in situ measurements for the Eyjafjallajökull eruption have shown that ash is composed with aggregates of various typologies (Bonadonna et al., 2011) . Samples of volcanic ash collected near the source have shown a silica concentration of 58 % (Sigmarsson et al., 2010) , suggesting very fine andesite ash (Zehner et al., 2010) . This composition can also vary as a function of time and eruptions, and hyperspectral sounders are necessary to distinguish aerosol type (Clarisse et al., 2010a) .
Comparisons of satellite retrievals using different infrared instruments
The algorithm presented in Sect. 3 was applied in the same way to brightness temperatures measured by MODIS/Terra (at 11:55 UTC), SEVIRI (at 12:00 UTC) and . Optical thickness at 12 µm τa, effective radius re and mass loading M retrieved using 3 SEVIRI data on May 6, 2010 at 19:00 UTC. Retrievals are defined as mean values obtained 4 from several particle models (see section 4 for details), assuming a lognormal formulation for 5 the size distribution and using BTD from SEVIRI channels at 10.8 µm and 12 µm. 6 Fig. 4 . Optical thickness at 12 µm τ a , effective radius r e and mass loading M retrieved using SEVIRI data on 6 May 2010 at 19:00 UTC. Retrievals are defined as mean values obtained from several particle models (see Sect. 4 for details), assuming a lognormal formulation for the size distribution and using BTD from SEVIRI channels at 10.8 µm and 12 µm.
IASI (mid-morning data), following the approach outlined in Sect. 4, but for the plume on 6 May presented in Fig. 1 . Indeed, due to orbital characteristics of the satellites, this case study allows us to compare near-simultaneous retrievals from MODIS/TERRA and SEVIRI. For the IASI sensor, physical parameters were retrieved from orbits corresponding to the morning. This inter-comparison allows us to analyse retrievals from instruments with different spatial resolutions and with slightly different spectral configurations but obtained with the same retrieval algorithm. Figure 5 presents retrievals for the plume using channels at 11 µm and 12 µm. The spatial distributions are similar for retrieved parameters from the three instruments and also appear close to those obtained from the RAMS model (Fig. 3) . In addition, Table 2 agreement between the effective radius retrievals. However, retrievals for the optical thickness and estimates of the mass loading are higher for MODIS and IASI. Deviations with SEVIRI retrievals may be explained by differences in spectral characteristics and the viewing angle of instruments (see Sect. 2). In addition, the spectral response of SEVIRI channels is slightly different from the one of MODIS, in particular for the channel centred at 10.8 µm (926 cm −1 ) with a spectral width of about 2 µm (200 cm −1 ) and that can be compared with those of MODIS (see Fig. 2 ).
Consequently, it seems difficult to evaluate the consistency of retrievals due to differences in spatial and spectral characteristics of instruments, and no quantitative conclusion can be drawn at this stage. In order to get a quantitative analysis of satellite retrievals, a detailed inter-comparison study was conducted in two stages: firstly, sensitivity of our retrieval algorithm to the model parameter uncertainties was evaluated; secondly, the influence of the spatial and spectral characteristics of the sensors on retrieved parameters was analysed and compared with the retrieval errors estimated in the previous sensitivity analysis. 
Estimation of the uncertainties in retrieved parameters
Sensitivity of our retrieval algorithm to main atmospheric parameters was estimated using the plume on 6 May at 12:00 UTC presented in Fig. 1 and Fig. 5 , to quantify the retrieved parameters' uncertainties. Retrievals were calculated for the different instruments assuming errors in the following input parameters:
-Temperature surface and profile: a realistic error ( T = 1 K) has been considered on each layer of the temperature profile as well as on surface temperature, compatible with the typical values used for the ECMWF assimilation.
-Water vapour profile: an error of H 2 O = 10 % at each atmospheric level was considered. The latter is compatible with typical a posteriori uncertainties from operational Level 2 of dedicated instruments such as IASI (Clerbaux et al., 2007) .
-Layer thickness and altitude: an error of z = 1 km was supposed on the thickness or the altitude of the volcanic plume, assuming a constant optical thickness. This error can be considered as a maximal value for the plume thickness and seems reasonable for the altitude in comparison with the observed altitudes for the plume, generally between 2 and 8 km.
-Aerosol type: the uncertainty due to the particle type used for retrievals was evaluated by calculating the mean difference between plume parameters derived from the Andesite refractive index and from the other types of particles presented in Table 1 . Andesite has been selected as a reference case because several authors have noticed that Andesite refractive index data can be considered as a suitable approximation for volcanic ash (e.g. Wen and Rose, 1994; Prata and Grant, 2001; Francis et al., 2012) . Table 3 . Uncertainties (in %) in the ash optical thickness τ a , the effective radius r e and the mass loading M, retrieved with the algorithm presented in Sect. 3 for the plume on 6 May, as a function of the instrument and as a function of the errors ( ) in the input atmospheric parameters. -Size distribution: a deviation on the geometric standard deviation σ of the particle size distribution was considered in the range 1.5-2.5 (Francis et al., 2012) . The standard deviation σ = 2, considered as the reference in calculations, is used by default in this study.
Uncertainties (in %) in τ a , r e and M, resulting from errors in atmospheric model parameters of the retrieval algorithm, are presented in Table 3 . These uncertainties were estimated through retrievals performed with the algorithm presented in Sect. 3, for the three instruments, as a function of errors in atmospheric parameters as defined above. Specifically, uncertainties were calculated as the mean difference, for the entire plume, between retrieved plume parameters using input atmospheric parameters from the RAMS model and the ones retrieved considering errors in these input parameters. Table 3 shows that the uncertainties due to surface and profile temperature, water vapour profile and layer thickness generally remains under 10 % for retrieved parameters and are close for the three instruments. Note that the uncertainty due to water vapour is weak for IASI channels, which have been selected without gaseous line absorption. On the other hand, uncertainties in retrievals are very important in the case of errors due to ash particle type, ash layer altitude and particle size distribution, which is consistent with the fact that infrared measurements are mainly sensitive to these parameters (Herbin et al., 2013) . Especially, uncertainties are always above 10 % in the case of errors in the layer altitude or particle types, and can reach 50 % in the case of errors in the size distribution for effective radius and mass loading estimates. These last parameters appear to be the most important a posteriori error sources. Table 3 also shows that retrievals are sensitive to the refractive indices (Francis et al., 2012) and, above all, to the particle size distribution. These conclusions agree with Wen and Rose (1994) , who reported that the mass loading is more sensitive to the particle size distribution (considering a uniform, a lognormal and a gamma size distribution) than it is to the plume composition. Finally, Table 3 shows that uncertainties are globally equivalent for the three instruments, and errors in atmospheric parameters do not explain deviations observed on retrievals between the three instruments. Consistency between retrievals was analysed in Sect. 5.2 using the same viewing configuration for IASI and MODIS.
Inter-comparison of retrieved parameters
To evaluate the consistency of the observations, comparisons of retrieved and estimated parameters were performed using MODIS, SEVIRI and IASI data in the same spatial or spectral configuration, for the plume on 6 May at 12:00 UTC. The following satellite configurations were defined as follows:
-MODIS_as_IASI: retrieved parameters obtained from MODIS brightness temperatures were averaged over the same IFOV as IASI.
-IASI_as_MODIS: retrievals are obtained using an IASI high-spectral resolution spectrum integrated over the MODIS spectral response and treated in the algorithm as MODIS data.
-IASI_as_SEVIRI: retrievals are also obtained using an IASI high-spectral resolution spectrum integrated over the SEVIRI spectral response and treated in the algorithm as SEVIRI data. by averaging MODIS retrievals over the same IFOV as IASI (MODIS_as_IASI configuration) are closer to those obtained with IASI (Table 2 ). This conclusion is also illustrated in Fig. 6 that presents the spatial distribution of the retrieved optical thickness and effective radius, as well as the mass loading M estimation in the MODIS_as_IASI configuration. Figure 6 has to be compared with retrievals of IASI presented in Fig. 5 and shows a satisfactory level of agreement. Finally, residual deviations between retrievals can also be explained by the sampling or viewing differences and, to a lesser extent, time differences. Indeed, IASI measurements correspond to the orbits of the morning while MODIS products correspond to BT measured at 11:55 UTC.
-Influence of the spectral resolution on the retrievals: the influence of the spectral response of sensors was estimated using IASI spectra as a reference. Parameters were retrieved from brightness temperatures obtained by integrating IASI spectra over the SEVIRI or MODIS spectral response (IASI_as_SEVIRI and IASI_as_MODIS configurations). In this case, retrievals are obtained in the same viewing geometry and spatial resolution. for the effective radius and the mass loading respectively. These deviations are non-negligible but remain on the order of those due to atmospheric parameters (Table 3 ). These differences are due to the different spectral response functions of SEVIRI and MODIS, as noticed previously (width and spectral position of the SEVIRI channel at 10.8 µm). In addition, these deviations are weaker than those between SEVIRI and MODIS and confirm the consistency of retrievals when compared in similar conditions. These results allow us to conclude that the larger deviations obtained in Table 2 are inherent to the different viewing geometry of the sensors. Note also that the retrievals obtained for IASI_as_MODIS are closer to the results from MODIS than those obtained for IASI. This spectral consistency is also illustrated in Fig. 7 that presents close spatial distributions of retrieved parameters in two configurations, despite their different spectral characteristics.
Furthermore, an estimation of the total mass loading M T of the plume considered in this section (e.g. 6 May, 12:00 UTC) was done using previous satellite retrievals. The area covered by the volcanic plume was first calculated using geo-coordinates of retrievals in Fig. 6 and estimated at 85 000 km 2 . The total ash mass loading was then calculated as the product of the estimated plume area and the mean retrieved mass loading M. Estimations of the total mass loading M T are presented in Table 2 for each satellite configuration and M T can be estimated at 205 kt ± 22 kt. This total mass loading can be compared with that calculated by Labazuy et al. (2012) for the same plume situation, from an equivalent methodology based on inversions of the SE-VIRI infrared data. Labazuy et al. (2012) calculated a total ash mass of 210 kt for 6 May and this estimate is consistent with the range of retrieved M T from our retrievals.
Conclusions
An inter-comparison of ash plume parameters obtained with the same retrieval algorithm from measurements of infrared instruments, commonly used for the monitoring of volcanic ash (MODIS, SEVIRI and IASI), has been presented. Retrievals obtained from these instruments, as well as those obtained from IASI and MODIS in similar spatial and spectral configurations, have been compared. The results of this intercomparison, as a whole, allow us to conclude that retrievals are in close agreement, despite the different spectral and spatial characteristics of the sensors and compared to uncertainties due to errors in input atmospheric parameters. Our study has also confirmed that uncertainties in retrievals are mainly due to errors in the plume height, the particle composition and, most of all, the particle size distribution. This analysis demonstrates the consistency of observations and the robustness of the method to retrieve the optical thickness and the effective particle size, and to estimate the mass concentration of volcanic particles. However, the limitations of broadband sensors, to distinguish aerosol type with a limited number of spectral bands, have been confirmed.
In this study, high-spectral resolution spectra of IASI have been convoluted with the MODIS or SEVIRI spectral response functions to compare the retrievals in the same conditions. Nevertheless, high-spectral resolution measurements can be very useful for the characterisation of the plume composition (Clarisse et al., 2010b) . Indeed, in the case of multispectral information of the TANSO-FTS instrument, Herbin et al. (2013) have shown that this approach enables simultaneous retrievals of gas profiles and up to seven aerosol parameters, including the aerosol optical thickness, mean geometric radius and standard deviation for coarse and fine modes, mean altitude of the aerosol layer, and aerosol layer width. Theses studies highlight the capabilities of hyperspectral data to improve the remote sensing of volcanic ash plumes.
